We provide a selective review of recent progress in the analysis of several physiological and physiologically inspired fluid-structure interaction problems, our aim being to explain the underlying physical mechanisms that cause the observed behaviors. Specifically, we discuss recent studies of self-excited oscillations in collapsible tubes, focusing primarily on studies of an idealized model system, the Starling resistor-a device used in most laboratory experiments. We next review studies of a particular physiological, flow-induced oscillation: vocal-fold oscillations during phonation. Finally, we discuss the closure and reopening of pulmonary airways, physiological fluid-structure interaction problems that also involve the airways' liquid lining. 
INTRODUCTION
Fluid-structure interaction plays an important role in many physiological phenomena throughout the human body. Examples include pulse-wave propagation in the arteries, flow-rate limitation and wheezing during forced expiration, pulmonary airway closure and reopening, phonation and snoring, the function of cardiac and venous valves, and the flow-induced deformation and ultimate rupture of arterial and cerebral aneurysms.
Here we present a selective review of recent studies concerning physiological and physiologically inspired fluid-structure-interaction problems. The selection of material reflects our own interests (and bias) but, in addition, we do not discuss topics recently reviewed either in this series or elsewhere. For instance, the dynamics of natural and artificial heart valves has been reviewed comprehensively by Dasi et al. (2009) and Weinberg et al. (2010) . Other reviews discuss the growth and rupture of arterial and cerebral aneurysms (Humphrey & Taylor 2008 , Lasheras 2007 , Sforza et al. 2009 ), flow in the microcirculation (Popel & Johnson 2005) , and pulse-wave propagation (van de Vosse & Stergiopulos 2011) . The most recent general review of the subject by Grotberg & Jensen (2004) still provides a good overview of the field. Rather than reporting recent progress on every topic discussed in that paper, we instead focus on a more in-depth discussion of a smaller number of phenomena, focusing on progress in understanding the underlying physical mechanisms that cause particular behaviors.
Section 2 discusses recent progress in the study of self-excited oscillations in collapsible tubes, focusing primarily on studies of an idealized model system, the Starling resistor (a device used in most laboratory experiments of flow in collapsible tubes), rather than specific physiological applications. Section 3 continues the discussion of flow-induced oscillations but with a specific physiological example: vocal-fold oscillations during phonation. Finally, Section 4 is concerned with the effects of fluid-structure interaction in the pulmonary airways, in which the presence of the liquid lining and its associated surface tension plays an important role.
FLOW IN COLLAPSIBLE TUBES
Most fluid-conveying vessels in the human body are subject to a positive transmural (internal minus external) pressure, and accordingly they have an approximately circular cross section, minimizing their flow resistance. In this configuration the vessels are relatively stiff, and the fluid load induces only small deformations. However, if the vessels become subject to negative transmural pressures of sufficient magnitude, they can buckle nonaxisymmetrically. In this configuration a vessel's stiffness is dominated by its relatively small resistance to bending, and even small variations in the internal fluid pressure induce large changes in wall shape-a strong fluid-structure interaction. An intriguing feature of this system is that nonaxisymmetrically collapsed vessels readily develop flow-induced, self-excited oscillations. Physiological examples include wheezing during forced expiration, the development of Korottkoff sounds during sphygmomanometry, and cervical venous hum, generated by oscillations of the external jugular vein. We refer readers to and Grotberg & Jensen (2004) for a more comprehensive review of collapsible-tube phenomena in physiology.
Oscillations in collapsible tubes are examined experimentally by using a Starling resistor, sketched in Figure 1a , in which flow is driven through a thin-walled elastic tube mounted on two rigid tubes and enclosed in a pressure chamber. This system and its two-dimensional (2D) equivalent, shown in Figure 1b , have become canonical model problems for the analysis of flow-induced oscillations in collapsible tubes and are the focus of most of the studies reviewed below. (a) Sketch of the Starling resistor, a thin-walled elastic tube, mounted on two rigid tubes, and enclosed in a pressure chamber, and (b) its 2D equivalent, a channel in which part of one wall is replaced by a prestressed elastic membrane. (c) Illustration of the sloshing mechanism. The flow is decomposed into its mean and oscillatory components,ū andû, respectively. The wall motion creates oscillatory sloshing flows in the upstream and downstream rigid sections. At sufficiently high frequency, the sloshing flows have a blunt inviscid core, with thin Stokes layers near the walls.
Early collapsible-tube experiments, reviewed in Bertram (2003) , identified a large number of different types of oscillations, ranging from high-frequency flutter to low-frequency milking. However, the mechanisms responsible for the onset of these oscillations remain poorly understood; in particular, it remains unclear whether they are related to flow-induced instabilities, such as the traveling-wave-flutter or static-divergence mechanisms that successfully explain the onset of instabilities in other fluid-elastic systems (see, e.g., Carpenter & Garrad 1985 , 1986 .
Most early theoretical analyses of flow in the Starling resistor were based on lumped-parameter or spatially 1D models (reviewed in , Pedley & Luo 1998 ). Such models are still widely used to describe networks of collapsible tubes, e.g., Bull et al.'s (2005) study of flow limitation in liquid-filled lungs; Fullana & Zaleski's (2009) analyses of flow in the venous network; and Venugopal et al.'s (2009) investigations of the lymphatic system, in which the collapsible vessels' stiffnesses are adjusted to simulate active pumping. The relative simplicity of these models facilitates rigorous mathematical analysis, which often aids the identification of mechanisms that explain the systems' behavior. However, a shortcoming of this approach is the need to provide closure assumptions, e.g., to capture the effects of viscous dissipation within the framework of a 1D, cross-sectionally averaged flow model, or to represent the 3D wall mechanics in terms of a so-called tube law: a postulated functional relationship between the vessel's cross-sectional area and the local transmural pressure. Results obtained from models involving such closure assumptions must be treated with caution. Indeed, many models of flow in the Starling resistor that used plausible, but nonetheless ad hoc, closure relations were able to predict the occurrence of self-excited oscillations, despite the fact that the underlying assumptions were later discredited. For instance, Cancelli & Pedley's (1985) widely used assumption that the majority of the viscous dissipation arises in the separated-flow region downstream of the tube's most strongly collapsed cross section (the throat) was found to be unsupported when subsequent Navier-Stokes simulations by Luo & Pedley (1996) showed that most of the dissipation arises in boundary layers on the upstream tube walls.
The introduction of closure assumptions can be avoided by modeling the system using the equations of continuum mechanics, for instance, the Navier-Stokes equations coupled to largedisplacement elasticity theory. These equations provide a common starting point for direct numerical simulations and for the development of rational theoretical models, i.e., models in which the mechanics is described using rigorous (asymptotic) simplifications of the governing equations. A successful example of the latter approach is given by Whittaker et al. (2010b) who derived a tube-law-like description of the wall mechanics from the equations of Kirchhoff-Love shell theory without having to invoke any ad hoc assumptions.
Theoretical Studies
Many Navier-Stokes-based simulations of flow in the Starling resistor have considered flows in the 2D collapsible channel sketched in Figure 1b . In this system the wall stiffness is dominated by the axial tension. If the tension is sufficiently small, the viscous pressure drop along the channel induces large-amplitude, steady wall deformations. In the absence of wall inertia, the steady configurations become unstable to relatively low-frequency self-excited oscillations when the Reynolds number is increased , Luo & Pedley 1996 , Luo et al. 2008b . During the oscillation, socalled vorticity waves can develop downstream of the oscillating wall segment. These waves have also been observed in channels with a prescribed wall motion (Pedley & Stephanoff 1985 ; see also Rosenfeld 1995) , so it is not clear whether they represent a passive fluid-mechanical response to the wall oscillation or play an active role in the mechanism responsible for its onset.
A systematic analysis of the system's linear stability in the absence of prestress (Luo et al. 2008b ) reveals a cascade structure of instabilities: As the stiffness of the wall is reduced, the system can become unstable to perturbations of increasing axial wave number and frequency, each with different instability tongues, a feature also observed in some 1D models. Because the instabilities develop from strongly collapsed steady configurations, it is difficult to describe them in terms of a simplified theory. As a result, the mechanism(s) responsible for their onset, and whether those mechanism(s) could operate in three dimensions, remains unclear.
In contrast, much recent research has focused on a surprisingly simple instability mechanism, initially identified by , that can operate in two and three dimensions when the wall stiffness is sufficiently large. In this regime, the steady viscous pressure drop induces only small wall deflections, and the oscillations (governed by a dynamic balance between fluid inertia and the large elastic restoring forces) are of high frequency.
The oscillatory wall motion periodically displaces fluid from the collapsible section into the rigid sections, as shown in Figure 1c . If the amplitude of the resulting sloshing flows is greater in the rigid upstream section than in its downstream counterpart, then there is a net influx of kinetic energy into the system. If this influx exceeds any additional losses, the system can extract energy from the mean flow, and the amplitude of the oscillations grows. For the 2D model, employed asymptotic techniques to provide explicit predictions for the frequency and growth rates of instabilities arising through this mechanism, in the limit of large wall tension (or, equivalently, high frequency). Assuming the flow is driven by a prescribed pressure drop, they showed that the required upstream/downstream asymmetry of the sloshing flows can be generated by making the rigid downstream section longer than its upstream counterpart. The theoretical predictions for the critical Reynolds number at which oscillations develop were found to be in excellent agreement with results from direct numerical simulations, even in cases in which the tension was relatively small and the system performed oscillations of modest frequency.
In three dimensions, small-amplitude, nonaxisymmetric oscillations of an elastic tube about its axisymmetric equilibrium configuration create axial sloshing flows that are much weaker than their 2D equivalents. The induced unsteady flows are dominated by transverse flow within each cross section (Heil & Waters 2006) , and there is little interaction with the mean flow. By analyzing the system's energy budget for prescribed wall motions, Heil & Waters (2008) and Whittaker et al. (2010c) showed that efficient extraction of energy from the mean flow via the sloshing mechanism requires the tube to perform oscillations about a nonaxisymmetric mean configuration. Thus, the instability is most likely to operate when oscillations arise from steady states in which either (a) the tube's undeformed cross sections are noncircular or (b) an initially axisymmetric tube has already buckled nonaxisymmetrically. These findings are consistent with experimental observations showing that self-excited oscillations tend to develop most readily from steady-state configurations in which the tube is strongly buckled (Bertram 2008) .
Scenario (a) was investigated by Whittaker et al. (2010a) , who combined an asymptotic description of the flow in rapidly oscillating collapsible tubes (Whittaker et al. 2010c ) with a rational, tube-law-like description of the wall mechanics (Whittaker et al. 2010b ) to derive explicit predictions for the onset of self-excited oscillations. For flows in elliptical tubes, these were found to be in good agreement with the results of direct numerical simulations. The existence of selfexcited oscillations arising from the sloshing mechanism in scenario (b) was confirmed by Heil & Boyle (2010) , who performed numerical simulations of flows in initially axisymmetric elastic tubes. For sufficiently long tubes, the growing oscillations ultimately settle into a large-amplitude limit cycle during which the tube shape alternates between two extreme configurations in which the major and minor half axes of the cross section are interchanged, similar to the classical shell mode oscillation observed in Weaver & Païdoussis's (1977) experiments.
The studies referred to above treat the onset of self-excited oscillations as a global stability problem and assess the stability of steady states by determining the frequency and growth rates of small-amplitude perturbations to the steady flow in a finite domain. An alternative approach is to consider the problem within the framework of a local stability analysis, more commonly used to investigate flow-induced instabilities in infinite domains via the dispersion relation for traveling-wave-type perturbations (see, e.g., Davies 2003 , Hoepffner et al. 2010 ). Doare & de Langre (2004 showed that in 1D fluid-elastic systems, global instabilities in finite domains can be interpreted in terms of local modes that propagate within the domain and are reflected at its upstream and downstream boundaries. Stewart et al. (2009) adapted these methods to analyze self-excited collapsible-tube oscillations, initially using a 1D model of the Starling resistor. The approach was later extended to two dimensions (Stewart et al. 2010 ) by combining local eigenmodes of an Orr-Sommerfeld-like equation to describe perturbations to the steady mean flows in the three sections of a collapsible channel, using an approach developed by Manuilovich (2004) . [The extension of this approach to three dimensions has not yet been considered, but the traveling-wavetype instabilities found in infinitely long 3D tubes, reviewed in Kumaran (2003) , and particularly the analysis of nonaxisymmetric instabilities in such systems (Shankar & Kumaran 2000) , are likely to provide a suitable framework for the description of the relevant local modes.]
Although the representation of the flow field in terms of local modes does not yield a particularly efficient computational method, Stewart et al. (2010) found the flow field computed with only a small number of local modes to be in good agreement with full numerical simulations. More importantly, the modal representation permits an assessment of the relative importance of the various local modes, many of which are well understood from previous studies. In particular, the approach can distinguish between hydrodynamic modes (such as Tollmien-Schlichting waves, modified by the presence of the wall elasticity) and modes that arise as a result of the wall elasticity, such as traveling-wave flutter and static divergence. In terms of these modes, Stewart et al. (2010) were able to interpret the high-frequency sloshing mechanism as a consequence of wave reflections of static divergence and traveling-wave-flutter modes at the junctions with the rigid channel LU/LD-type oscillations: two distinct types of large-amplitude low-frequency (L) oscillations observed in a collapsible tube; the tube is open/collapsed for the majority of the period so that its cross-sectional area remains near its maximum (up)/ minimum (down) segments. A reduction in wall tension reduces the frequency of the oscillations and excites a convectively unstable traveling-wave-flutter mode. At even lower tensions, wave-like flow features begin to appear in the downstream rigid section via the excitation of hydrodynamic modes. [Although it is tempting to interpret these features as the equivalents of the vorticity waves mentioned above, the waves observed by Stewart et al. (2010) decay much more quickly than those in Luo et al. 's computations.] An analysis of the system's energy budget suggests that at low frequencies, the dominant source of energy responsible for the growth of the oscillations switches from the influx of kinetic energy (the signature of the sloshing mechanism) to a reduction in the total viscous dissipation in the flow, indicating that the oscillations are governed by a different mechanism.
A reduction in wall tension also affects the character of the system's large-amplitude limitcycle oscillations. At large tensions, the wall performs approximately harmonic, large-amplitude oscillations in a mode shape that resembles the system's linear eigenmode . At lower tensions the system was found to perform what Stewart et al. (2010) termed "slamming oscillations," initially predicted by Stewart et al.'s (2009) 1D model and subsequently confirmed in 2D Navier-Stokes-based simulations. During these oscillations the collapsible segment experiences short phases of strong collapse near its downstream end, reminiscent of experimentally observed LU-type oscillations, which we discuss in the next section. So far, there have not been any theoretical or computational studies of these oscillations in the 3D system.
Experimental Studies
Early collapsible-tube experiments, reviewed in Bertram (2003) , tended to concentrate on the classification of the system's sustained large-amplitude oscillations, in terms of macroscopic flow variables (flow rate and pressure variations) and their dependence on the system parameters. Much recent experimental work has focused on the visualization of the flow fields and the study of the onset of self-excited oscillations in a parameter regime in which the collapsible tube develops LU-type oscillations (Bertram et al. 1990) . These studies have shown that during this particular type of oscillation, the two-lobed collapse of the tube creates two jet-like flow structures in the plane of the tube's major axis. The jets impinge on the tube wall near the downstream end of the collapsible segment, and the impact creates two sickle-shaped (and sometimes complete annular) regions of elevated axial velocity before the jets merge further downstream. A region of retrograde flow develops near the tube's centerline whenever the tube is sufficiently strongly collapsed. These flow features are remarkably robust and have been observed over a large range of Reynolds numbers, ranging from laminar flows at Re ≈ 300 ) to fully turbulent flows at Re ≈ 10,000 (Bertram & Nugent 2005) . Furthermore, the oscillation frequency is relatively low, and these flow features are similar to those in steadily collapsed elastic (or rigid) tubes (Bertram & Godbole 1997 , Bertram et al. 2001 , Hazel & Heil 2003a , Marzo et al. 2005 , suggesting that, for the type of oscillations considered here, the flow in the oscillating collapsible tube may be thought of as quasi-steady. Flow visualization inside the oscillating collapsible segment is challenging (Bertram et al. 2007 , Burgmann et al. 2009 , Ohba et al. 1997 . However, the time traces of the volume flux in the upstream and downstream rigid segments already suffice to show that the largest fluctuations in flow rate typically occur downstream of the collapsible segment while the flow rate at the inflow remains approximately constant (Truong & Bertram 2009 ), indicating that the oscillations cannot be driven by the sloshing mechanism discussed above.
For sufficiently thin-walled tubes, self-excited LU-type oscillations can develop at Reynolds numbers as low as ≈250, with a maximum frequency of approximately 10 Hz. Bertram & Tscherry (2006) reported that the frequency of the oscillations decreases with an increase in the length of the downstream rigid tube, L down (see also Wang et al. 2009 ), whereas a change in L down does not affect the Reynolds number at which the oscillations first develop. The oscillations have small Strouhal numbers, consistent with the assumption that the flow induced by the tube oscillation can be regarded as quasi-steady, but visualization of the flow downstream of the oscillating collapsible segment shows clear evidence of secondary shear-layer instabilities with much higher frequency than the tube oscillations (Truong & Bertram 2009 ). Although these shear-layer instabilities may not play a direct role in the mechanism responsible for the onset of the oscillations, accurate numerical simulation of the phenomenon will require such features to be resolved.
It is important to stress that the experiments referred to above only describe one particular type of oscillation; other types of oscillation have been observed at similar Reynolds numbers. For instance, flow visualizations by Ohba et al. (1997) show a single, central jet downstream of the collapsible segment, and experiments by Kounanis & Mathioulakis (1999) suggest that the onset of self-excited oscillations may be associated with symmetry breaking of the flow downstream of the throat.
Outlook
Despite the significant progress made in recent years, we do not yet have the ideal situation in which a conceptually simple instability mechanism that lends itself to a rational theoretical description (such as the sloshing mechanism) is confirmed by experiments. Estimates provided by Heil & Boyle (2010) and Whittaker et al. (2010a) suggest that it should be possible to modify existing collapsible-tube experiments (e.g., by changing the lengths of the upstream and downstream rigid pipes, or by driving the flow with a volumetric pump, attached to the downstream rigid tube) so that the accessible parameter regime is one in which the sloshing mechanism operates. However, such experiments have not yet been attempted.
Equally, there is no theoretical explanation for the instability characterized in the detailed experimental studies discussed above. Even though the experiments were performed at Reynolds numbers at which direct numerical simulations are feasible, simulations by themselves are unlikely to be able to reveal the underlying mechanism(s). The development of rational theoretical models for the onset of oscillations from strongly collapsed equilibrium configurations is likely to remain difficult because the base flow itself is not easy to describe in a simplified form, on account of the flow separation downstream of the throat. However, insight into the flow features gained from numerical simulations or flow visualizations could lead to the development of nonrational, but nevertheless useful, theoretical models to aid the identification of potential instability mechanisms.
The theoretical models reviewed above have generally ignored the effects of wall inertia, because its inclusion is not necessary to explain the onset of the flow-induced instabilities considered here. We stress, however, that the presence of wall inertia introduces additional modes of instability (Larose & Grotberg 1997 , Luo & Pedley 1998 ) and that it is of relevance in physiological applications in which the wall density is much greater than that of the fluid [e.g., in respiratory flows (Bertram 2008) ]. In the next section, we discuss self-excited oscillations of the vocal cords during phonation, a phenomenon in which wall inertia is of crucial importance.
PHONATION: SELF-EXCITED OSCILLATIONS OF THE VOCAL CORDS
The human vocal cords are a pair of muscular folds located in the central section of the larynx known as the glottis (see Figure 2a) . The position and shape of the folds can be actively controlled; for instance, during breathing the glottis tends to be fully open, but it can close completely when holding one's breath. When the folds are brought close together and the subglottal (upstream) pressure is increased beyond the so-called phonation-threshold pressure, air driven through the narrow gap can excite flow-induced oscillations that provide the main source of sound during speech and singing. The frequency of oscillation can be actively controlled by adjusting the folds' position, shape, and internal tension. Stroboscopic observations show the existence of several distinct types of oscillations, often associated with different vocal registers, such as the modal register used in normal speech and characterized by large-amplitude, low-frequency oscillations (approximately 100/200 Hz for males/females), during which the folds collide, or the falsetto register in which the folds are highly stretched and perform small-amplitude, high-frequency oscillations without contact. In this review our main focus is on oscillations in the modal register.
Using estimates based on the mean velocity and average glottal gap width, one finds that the flow through the glottis is of relatively high Reynolds number, Re = O(10 3 ), small Mach number, Ma = O(10 −1 ), and small Strouhal number St = O(10 −2 ) (Dejonckere & Lebacq 1981 , Triep et al. 2005 , which suggests that the basic mechanism responsible for the interaction between the vocal folds and the air flow is the Bernoulli effect: An increase in fluid velocity reduces the pressure between the folds and pulls them toward each other. The fluid velocity increases as the gap width decreases, and hence the vocal folds are pulled closer and closer together until they collide. The glottis then remains closed until the elastic recoil of the folds and a buildup of pressure upstream force them apart again.
Although the Bernoulli effect provides a destabilizing feedback between fluid and solid mechanics, it cannot explain the development of sustained oscillations in the presence of dissipation in the vocal-fold tissue. If the fluid forces were determined exclusively by the Bernoulli effect, with the fluid velocity set by the average cross-sectional area of the glottis, for example, the fluid pressure would always be in phase with the displacement and thus would not be able to perform any net work on the tissue. Titze (1988) identified two main mechanisms that have the potential to create a phase difference between pressure and displacement. (a) The acceleration and Empirical orthogonal eigenfunctions: provide a decomposition of a function of space and time, u(x, t), in the form u(x, t) =ū(x) + j U j (t)ψ j (x), wherē u(x) represents the temporal mean deceleration of fluid in the vocal tract affect the fluid pressure at the glottis, an effect he referred to as "inertive vocal tract loading." (b) The vocal folds do not deform uniformly and adopt different shapes during different phases of the oscillation, which also affects the fluid load on the vocal fold. Excised larynxes are capable of producing sound, so the presence of the vocal tract cannot be a prerequisite for the development of oscillations, suggesting that the latter mechanism is more important. Indeed, high-speed visualization of the oscillating vocal folds shows that the narrowest part of the vocal folds tends to adopt a convergent (divergent) shape when the vocal folds move away from (toward) each other, as shown in Figure 2b . Assuming that the pressure immediately downstream of the glottis remains constant, a reasonable assumption in the absence of the vocal tract, the steady Bernoulli equation shows that the pressure in the glottis increases (decreases) with the distance from its downstream end. Hence, the average fluid pressure acting on the vocal folds is larger when they separate than when they approach each other, allowing the fluid to perform work on the solid.
Complete understanding of this deformation-based mechanism requires an explanation for the change in shape of the vocal folds during the oscillation. Early lumped-parameter models of this process (e.g., Ishizaka & Flanagan 1972 , Titze 1973 ) allowed for variations in the crosssectional area of the glottis by representing each vocal fold as pairs of transversely oscillating masses, loaded by the local fluid pressure. These models can exhibit vocal-fold oscillations of converging-diverging type and are able to predict the development of self-excited oscillations, but, as usual, the model parameters are difficult to relate to actual physiological measurements.
A continuum mechanical approach to the problem was introduced by Titze & Strong (1975) , who suggested two alternative mechanisms to explain the periodic variation between converging/ diverging glottis shapes: (a) surface waves that travel in the thin mucosal surface layer (McGowan 1991 , Titze 1988 or (b) the macroscopic deformation of the entire vocal fold in its eigenmodes. Experiments with vocal-fold replicas have shown that either mechanism can lead to flow-induced oscillations by using replicas in which only the mucosal layer is elastic (Titze et al. 1995 , Thomson et al. 2007 ) and others that are entirely made of an isotropic, homogeneous elastic material (Thomson et al. 2005) . The eigenmode of a real, inhomogeneous vocal fold is therefore likely to incorporate contributions from both types of deformation.
Modeling the vocal folds as rectangular parallelepipeds with uniform elastic properties, Titze & Strong (1975) showed that the superposition of the system's three lowest-order in vacuo eigenmodes can create the appropriate periodic variation in glottis shapes, as shown in Figure 2c . A tacit assumption required for this mechanism to apply is that the relevant in vacuo modes, each with its own distinct eigenfrequency, can be synchronized by their interaction with the fluid flow. Berry & Titze (1996) and Cook & Mongeau (2007) showed that the in vacuo frequencies of modes 2 and 3 are indeed very close over a wide range of constitutive parameters and geometries, suggesting that a weak interaction with the fluid flow may suffice to induce synchronization.
Empirical evidence that flow-induced synchronization of the in vacuo eigenmodes is involved in phonation is Kaneko et al.'s (1987) in vivo observation that, for a wide range of vocal-fold tensions, the phonation frequency tends to be close to the fundamental frequency of the folds' in vacuo oscillations. Additional support for the relevance of the vocal fold's in vacuo eigenfunctions was provided by Berry et al.'s (1994) and Alipour et al.'s (2000) numerical simulations of actual flow-induced oscillations. Both studies used more realistic representations of the vocal folds' geometry and structural properties, and coupled the deformation of the vocal folds to a fluid model that also incorporated the effect of the vocal tract. Berry et al. (1994) showed that the system's nonlinear oscillations, which involved nonlinearities due to the fluid loading and the collisions of the vocal folds, could be captured by a small number of empirical orthogonal eigenfunctions (Sirovich 1987 ) that were extracted from the numerical simulations. The lowest-order empirical eigenfunctions were found to be similar to the folds' (linear) in vacuo eigenfunctions, and the nonlinearity of the self-excited oscillations manifested itself primarily in the nonharmonic time dependence of their amplitudes.
The mathematical framework for the description of instabilities arising via the synchronization of eigenmodes or mode coalescence is the theory of (strong) 1:1 resonance or Hamiltonian Hopf bifurcation (van der Meer 1990), strictly applicable only in undamped systems, and already known to Kelvin in the nineteenth century. Assuming that the system has been discretized and the discrete solid displacements are denoted by the vector x, the small-amplitude in vacuo oscillations of the elastic body are governed by an equation of the form Mẍ + Dẋ + Kx = 0, where M, D, and K are real matrices. In the undamped case D = 0, and assuming the normal form x = e λtx leads to the eigensystem λ 2 Mx + Kx = 0. The eigenvalues must occur in complex conjugate pairs, and the system is neutrally stable if all the eigenvalues lie on the imaginary axis, in which case the imaginary part of the eigenvalue is the frequency of the corresponding neutral oscillations. Continuous changes in the system's parameters (e.g., via the influence of fluid loading) induce continuous changes in the spectrum, and the system becomes unstable when at least one eigenvalue has a positive real part, corresponding to exponential growth. In the Hamiltonian (undamped) system, this can only occur if a complex conjugate pair merges and separates along the real line, a static divergence instability, or if two complex conjugate pairs merge and move off the imaginary axis at a single frequency, the 1:1 resonance [see Mandre & Mahadevan (2010) for a simple example motivated by fluid-structure interaction]. The introduction of weak damping of various forms has been considered by many authors [see Krechetnikov & Marsden (2007) for a review and O'Reilly et al. (1996) for a general perturbation analysis]. The Hamiltonian Hopf bifurcation is now understood to be a singular limit of a codimension-3 dissipative normal form (Krechetnikov & Marsden 2007 ) with attendant complex dynamics. A generic possibility is that weak damping causes the two eigenvalue pairs that merged in the perfect system to pass near each other, but the direction of their motion in the complex plane can still change rapidly, whereas the frequencies of the two modes remain similar. The system's response to an eigenvalue crossing the imaginary axis will appear similar to a standard Hopf bifurcation in damped systems, but the underlying mechanism is fundamentally different because the crossing would not occur without the near interaction with another mode.
The synchronization of the vocal fold's in vacuo eigenmodes by the fluid flow was studied in detail by Zhang et al. (2007) , who coupled a 2D linear elasticity model for the deformation of the vocal folds to a 1D potential flow model, initially assuming that flow separation always occurs at the downstream edge of the glottis. Zhang et al. (2007) showed that the coalescence of two in vacuo eigenmodes and the system's subsequent instability arise primarily through interaction induced by the Bernoulli effect, which manifests itself as a flow-induced stiffness. (Fluid mechanical effects that change the matrices M, D, and K are classified as providing flow-induced inertia, damping, and stiffness, respectively. The Bernoulli effect affects the stiffness because the fluid pressure depends on the local cross-sectional area, which is determined only by the displacement.) Titze's (1988) assumption that the periodic variations in the glottis shape create the phase difference between fluid pressure and surface displacement that allows the fluid to perform work on the solid was confirmed by Thomson et al.'s (2005) detailed study of the energy transfer between the fluid and solid. Their fully coupled, fluid-structure-interaction simulations of vocalfold oscillations also showed that the location of the point at which the flow separates from the walls of the diverging glottis has an important effect on the fluid pressure distribution and therefore on the energy transfer. This is consistent with the findings of Zhang (2008) , who also showed that the phonation threshold pressure and the frequency of the oscillation depend sensitively on the initial shape of the glottis. This sensitivity forms a basis for laryngeal posturing-the active adjustment of the shape and position of the vocal folds to control the frequency of their oscillation (see, e.g., Alipour & Scherer 2000 , Hunter et al. 2004 ). Zhang (2009) recently observed that in certain parameter regimes, slight changes to the stiffness of the vocal-fold body can lead to drastic changes in the vocal-fold frequency and mode shape at phonation onset, reminiscent of a register change. Zhang (2009) showed that this was because phonation onset at large and small body stiffness was caused by the coalescence of different pairs of in vacuo eigenmodes in his model.
When performing sustained oscillations in the modal register, the vocal folds tend to collide, resulting in complete occlusion of the glottis for a significant fraction of the period of the oscillation. The collisions generate substantial impact stresses that can cause vocal trauma and are believed to be partly responsible for the development of vocal nodules. Experimental studies on excised canine larynxes by Jiang & Titze (1994) found an approximately linear relationship between the peak impact pressure and the subglottal (driving) pressure. This trend was also observed in Gunter's (2003) simulations of the in vacuo motion of spatially isotropic vocal folds. In subsequent simulations Tao et al. (2006) and Tao & Jiang (2007) investigated vocal-fold collisions in a fully coupled fluid-structure interaction model. Oscillations were found to develop via a supercritical Hopf bifurcation (which may in fact be a weakly dissipative Hamiltonian Hopf bifurcation, as discussed above) when the driving pressure, p d , reached the phonation-threshold pressure, p pt , with the amplitude of the oscillations then increasing with the square root of ( p d − p pt ). For driving pressures just in excess of p pt , it was possible to obtain sustained oscillations without vocal-fold collisions; for larger values of p d , regular collisions occurred, and the peak impact pressures increased approximately linearly with the amplitude of the vocal-fold oscillations.
The first of Titze's (1988) proposed mechanisms for the generation of a phase difference between pressure and displacement, inertive vocal tract loading, could not be assessed by the majority of the studies reviewed above because they focused on the flow in the immediate vicinity of the glottis. Recent immersed boundary computations that considered a larger region of the larynx have confirmed the importance of this effect ) and provided further evidence for the onset of oscillations via synchronization of the fold's structural eigenmodes (Luo et al. 2008a ). These studies also showed that the false vocal folds, ignored in most previous studies, with the notable exception of de Oliveira Rosa et al. (2003) , have a strong effect on the flow field, which in turn affects the amplitude and frequency of the vocal-fold oscillation (Zheng et al. 2009a ). The jet-like flow that emerged from the oscillating glottis was found to become asymmetric (due to the Coanda effect), and large-scale vortical flow structures developed further downstream. These observations are broadly consistent with those of many other studies that considered flows in rigid (e.g., Kucinschi et al. 2006 ) and oscillating vocal-fold replicas (e.g., Neubauer et al. 2007 , Triep et al. 2005 .
The flow field downstream of the vocal folds not only has a strong effect on their oscillations, but also plays an important role in the sound generation by aeroacoustic processes. As it is not possible to adequately review this literature here, we simply refer readers to papers by McGowan (1988) and Krane (2005) for a discussion of how the interaction of the vorticity with the vocal tract generates sound and mention that the first fully coupled simulations that involve fluid-structure interaction and aeroacoustics are becoming available (Link et al. 2009 ).
FREE-SURFACE FLUID-STRUCTURE INTERACTION PROBLEMS IN THE PULMONARY AIRWAYS

Airway Closure
Surface tension at the free surface between the thin liquid lining and the air-conveying core of the pulmonary airways contributes significantly to the overall stiffness of the lung and has a natural www.annualreviews.org • Fluid-Structure Interaction in Internal Physiological Flowstendency to collapse the airways (Macklem 1971) . Such collapse can lead to airway closure in which alveolar gas exchange is impeded by fluid obstructions. At the time of writing, the evidence that airways close in vivo is indirect (Burger & Macklem 1968 ), but methods developed by Sera et al. (2008) for real-time imaging of rodent lungs in vivo may allow direct visualization of airway closure in the near future. The lung's propensity to closure increases with increasing fluid volume in the lung (e.g., in pulmonary edema), increasing surface tension (e.g., in neonatal respiratory distress syndrome), and/or reduction in the structural stiffness of the airways (e.g., in emphysema). Mechanical ventilation, or other treatments, of patients suffering from such conditions must ensure that blockages are removed as quickly as possible, but without causing damage to the lung.
Airway closure can be initiated by a surface-tension-driven instability (the Rayleigh-Plateau instability) that redistributes the airway's initially uniform liquid lining into an occluding liquid bridge ( Johnson et al. 1991) . The evolution of the instability and, hence, the likelihood of liquid-bridge formation are affected by wall elasticity, and Grotberg & Jensen (2004) reviewed initial studies of this process in which the airway deformations were constrained to remain axisymmetric or axially uniform. More recent studies, reviewed by , have shown that the compressive load on the airway walls generated by the primary axisymmetric instability can induce axially nonuniform, nonaxisymmetric buckling. If the volume of fluid in the liquid lining is sufficiently large, buckling can be followed by a dramatic and extremely rapid collapse toward occlusion, after which the capillary-elastic system evolves toward a new static equilibrium: a locally deformed tube containing an occluding plug. For smaller fluid volumes, the liquid lining redistributes to form a nonoccluding collar or lobe without creating an occlusion. The final equilibrium attained depends on the precise details of the system's temporal evolution and on wall elasticity (Hazel & Heil 2005) , tube curvature ( Jensen 1997) , gravity (Duclaux et al. 2006) , and the contact angle between the interface and the tube wall (Lindsley et al. 2005) , which can be nonzero because of interactions between surfactant, liquid, and wall surface molecules (Hills 1999 , Yasuda et al. 1994 . A complete characterization of the possible equilibria including all these physical effects remains an open problem.
Liquid Plug Propagation
Liquid plugs arise naturally in the pulmonary airways, as described above, and they are also deliberately introduced for drug-delivery applications, surfactant replacement therapy, or in partial liquid ventilation (Zheng et al. 2006) . Both normal respiration and artificial ventilation impose a pressure drop across the liquid plug, which can initiate motion. Before propagation begins, a liquid film of finite thickness may be present on either side of the plug, and a steadily propagating state is then only possible if the mass of fluid deposited behind the advancing plug is equal to the mass accumulated ahead (Fujioka & Grotberg 2004 , Howell et al. 2000 . If the plug continually deposits more fluid than it accumulates, it will eventually rupture and the airway will reopen (Howell et al. 2000) . In drug-delivery and surfactant-replacement therapies, early plug rupture will limit the efficacy of the treatment, which has motivated studies of the stability of steadily propagating plugs.
Considering plug propagation in rigid tubes, Campana et al. (2007) showed that for a given film thickness ahead of the plug, steady motion is only possible at a single propagation speed. They argued that the stability of these steadily propagating plugs can be inferred from steady calculations that determine the deposited film thickness, h, as a function of plug length, L p . If ∂h/∂ L p > 0 (<0), a quasi-steady decrease in plug length causes a decrease (increase) in the deposited film thickness, which increases (decreases) the plug length, so the steadily propagating plug is expected to be stable (unstable). The inferred stability was confirmed by studying the temporal evolution of the system when either the propagation speed (Campana et al. 2007) or the driving pressure drop was held constant (Ubal et al. 2008) . In the latter case, only relatively short plugs were found to be stable, but the maximum length of stable plugs was shown to increase with decreasing fluid viscosity, reaching lengths comparable to the tube radius.
A decrease in propagation speed usually causes a decrease in the deposited film thickness (Han & Shikazono 2009), and Fujioka et al.'s (2008) 2D simulations of plug propagation in rigid channels showed that this effect accelerates the plugs' evolution toward rupture: If an unstable plug deposits more fluid than it accumulates, its length decreases continuously, creating an increase in the driving pressure gradient, which increases its velocity and thus the deposited film thickness yet further, leading to a further increase in the rate at which fluid is lost from the plug. Conversely, an increase in plug length above its equilibrium value reduces the driving pressure gradient and leads to slower plug propagation and a thinner deposited film, increasing the rate at which the plug accumulates fluid. This implies that for a given pressure drop and film height ahead of the plug there exists a critical length (corresponding to the steady state) above which the propagating plug will not rupture but will continue to accumulate fluid, which may be advantageous for drug-delivery and surfactant replacement applications. Zheng et al. (2009b) considered the effect of wall elasticity on the propagation of liquid plugs, using an experimental analog of the 2D Starling resistor comprising a square PDMS microchannel (100 μm × 100 μm cross section) in which one wall is sufficiently thin that it behaves as an elastic membrane. The deformation induced by steadily propagating plugs and the driving pressure drop as a function of propagation speed were both found to be in qualitative agreement with their 2D computations. Compared to rigid channels, a smaller pressure drop was required to drive a plug of fixed length at a given speed, a result also found by Howell et al. (2000) in their theoretical study of slowly propagating long plugs in axisymmetric tubes. Zheng et al.'s (2009b) computations also showed that wall stresses and stress gradients are minimized in slightly compliant channels, but that the significant membrane deformations in more compliant channels can lead to peak stress values greater than those in rigid channels, a result suggesting that the already weakened airways of patients suffering from emphysema may be susceptible to further damage due to the stresses induced by propagating occlusions during mechanical ventilation. Investigations into the behavior of nonaxisymmetric plugs in buckled elastic tubes and their stability have not yet been conducted and represent a fruitful area for future studies.
If the plug is sufficiently long, so that there is little interaction between its front and rear interfaces, or if airway closure leads to a complete collapse of the airway, the rear interface behaves as though it were propagating into a completely fluid-filled system, which describes the state of the lungs before the first breath is taken.
Airway Reopening
In newborn infants, the lungs are completely filled with fluid that must be rapidly cleared before gas exchange can take place (Bland 2001 , Te Pas et al. 2008 . The exact volume of fluid present in the lungs immediately after birth is controversial. It is generally agreed that a large volume of fluid is lost during labor (Berger et al. 1998) , but some studies find that the volume already decreases in late gestation before the onset of labor (Pfister et al. 2001) , whereas others do not (Lines et al. 1997) . The discrepancy may result from methodological differences (Pfister et al. 2003) , but the subject remains contentious. Phase contrast X-ray imaging of the lungs of rabbits born by Caesarean section has shown that an air-liquid interface progresses rapidly through the airways during inspiratory maneuvers only (Hooper et al. 2007) , accompanied by an increase in total lung volume (Siew et al. 2009 dead newborn rabbits indicates that postbirth liquid clearance does not require any biologically active transport mechanisms (Hooper et al. 2007 ).
A simple model of airway (re)opening, introduced by Gaver et al. (1990) , considers the propagation of an air finger into a uniformly collapsed, fluid-filled tube (or channel), as sketched in Figure 3a . As the finger propagates, the airway's cross-sectional area increases, and fluid is redistributed into a wall-lining layer surrounding the air core. Siew et al. (2009) argued that the volume of liquid within the lungs is too great to be redistributed in this manner, a tacit assumption being that the airways are initially uncollapsed, so that a significant increase in their diameter would be required to accommodate the propagating air finger. They suggested that fluid is instead driven through the airway walls by hydrostatic pressure before being cleared by the lymphatic system and blood vessels. However, estimates provided in their paper indicate that a very large clearance rate would be required (approximately "1,000 times greater than liquid reabsorption rates measured during high-dose adrenaline infusion") and that an unspecified mechanism must retain water in the interstitial tissue until lymphatic clearance. We therefore suggest that airway (re)opening is likely to involve two separate stages: the rapid propagation of an air finger into the initially collapsed airway, during which the volume of the air finger is accommodated by the expansion of the airway to its undeformed (or slightly inflated) state, followed by the removal of liquid through the airway walls on a slower timescale.
Theoretical analyses of the model system in two (Gaver et al. 1996) and three (Hazel & Heil 2002) dimensions revealed that, in the absence of gravitational effects, the relationship between the air pressure in the propagating finger, p b , and the steady propagation speed, U, has a generic two-branch behavior (see Figure 3b) . For sufficiently high propagation speeds, an increase in pressure is required for a further increase in speed, as observed in bench-top experiments (Gaver et al. 1990 , Juel & Heap 2007 , and the air-liquid interface remains close to the tube walls, peeling them apart. At low speeds, the models predict that a large volume of fluid is pushed ahead of the finger tip, and a decrease in speed is accompanied by an increase in pressure. Figure 3c shows representative plots of the system in the pushing and peeling regimes. Gaver et al. (1996) provided a simple explanation for the counterintuitive behavior in the pushing regime for the 2D system, shown in Figure 3a . The air finger propagates into an elastic-walled channel, initially filled with fluid of viscosity μ and surface tension σ , and collapsed to a width of 2h far ahead of the finger tip. A decrease in propagation speed U reduces the relative film thickness h/W far behind the finger tip because h/W → 0 when Ca = μU /σ → 0 (Bretherton 1961) , a consequence of the finger tip approaching its static equilibrium configuration: a semicircular interface spanning the entire channel width. However, conservation of mass requires that the film thickness h remains constant, implying that the channel must expand rapidly, W → ∞ as Ca → 0, via an increase in p b . Hazel & Heil (2003b) realized that this explanation also applies in three dimensions and used it as the basis for a simplified model of the p b (Ca) curve at small propagation speeds. The model was found to be in good agreement with the results of direct numerical simulations, as shown in Figure 3b .
The pushing and peeling branches are connected at p min b , the minimum pressure required to achieve steady propagation, which occurs at a finite speed. Hazel & Heil (2003b) showed that if the initial level of collapse of the tube is increased, p min b decreases because a smaller volume of fluid is redistributed per unit time with consequent reduced viscous dissipation. Hence, it is mechanically advantageous for the lungs to be as collapsed as possible before the first breath is taken, a result supported by observations that postnatal gas exchange in lambs is enhanced by a reduction in lung liquid volume (Berger et al. 1996) . For sufficiently collapsed tubes the reopening air pressures can even be lower than the external pressure (Hazel & Heil 2003b , Heap & Juel 2009 ), indicating that steady propagation can occur without fully reopening the airway. Negative intrapulmonary pressures have indeed been measured in advanced labor (Pfister et al. 2001) , providing further evidence that the lungs are collapsed at birth.
For strongly collapsed tubes a number of different reopening regimes have been observed experimentally (Heap & Juel 2008 , 2009 ). The air finger takes different shapes as the level of collapse increases, progressing from symmetric, to asymmetric, to double-tipped and finally to a pointed configuration in which the curvature is reversed over a portion of the tip. The pointed configuration was found to propagate very rapidly at a low pressure, so it may be beneficial to operate in this regime when attempting to rapidly reopen collapsed airways while avoiding damage to the airway tissue. A theoretical explanation for the existence of these shapes and predictions of their ranges of existence and stability are not yet available, although double-tipped static menisci have been found to exist in sufficiently collapsed elastic tubes (Heil 1999 ) and channels (van Honschoten et al. 2009) .
The theoretical models' predicted increase in driving pressure at low speeds has never been observed in experiments, and indeed Halpern et al. (2005) showed that steady motion on the pushing branch is unstable in the 2D model. If the driving pressure is held constant, the system either evolves toward the corresponding solution on the peeling branch, or the air finger slows down indefinitely. For controlled perturbations to a fixed volume flux, the system exhibits relaxation oscillations, switching between low speed to high speed in a stick-slip-like behavior. Hence, steady propagation at low speeds is not possible in these models, suggesting that airway reopening may be an intrinsically unsteady phenomenon.
However, an additional mechanism that can alter the low-speed behavior is transverse gravity and the consequent buoyant rise of the air finger. The explanation for the development of the pushing branch given above relied crucially on the fact that h/W → 0 when the system approaches its static equilibrium configuration as Ca → 0. Jensen et al. (1987) demonstrated that in the presence of transverse gravity, there exist static equilibrium configurations in which a finite layer of fluid remains on the lower wall. Such configurations exist when the hydrostatic pressure drop through the fluid over the channel half-width is greater than the pressure jump across the www.annualreviews.org • Fluid-Structure Interaction in Internal Physiological Flowscorresponding interface in the absence of gravity. Increasing the channel width increases the hydrostatic pressure drop, but reduces the interface curvature and, hence, the interfacial pressure jump. Thus, no matter how weak the gravitational force, for a sufficiently wide channel, there will be a static equilibrium in which a fluid film of finite thickness remains below the air finger. Hence it is possible for the system to approach a static solution as Ca → 0 and conserve mass without the channel having to expand indefinitely, allowing p b to remain finite. This was confirmed in 2D computations showing that for parameters corresponding to Gaver et al.'s (1990) experiments, the p b -U curve can remain monotonic. The same mechanism is expected to apply in three dimensions, and significant buoyant rise has been observed in experiments ( Juel & Heap 2007 ). In the presence of transverse gravity, steady propagation is therefore possible at low speeds and low pressures.
We have already indicated that fluid-mechanical stresses may contribute to ventilator-induced lung injury when patients are subjected to artificial ventilation. Although the relative importance of this effect, relative to so-called barotrauma (or volutrauma), caused by the overinflation of the lungs, is still being debated in the literature (see, e.g., Ricard et al. 2003) , cell culture studies by Bilek et al. (2003) and Kay et al. (2004) have shown that the fluid stresses generated by propagating air fingers can be large enough to damage the epithelial cells that line the airway wall. Motivated by this observation, Jacob & Gaver (2005) computed the stresses on the epithelial cells, assuming them to be rigid. The actual flow-induced deformation of the epithelium was considered by , who treated it as a continuous elastic surface layer. Their study confirmed Bilek et al.'s (2003) observation that the presence of surfactant can lead to a dramatic reduction in the fluid stresses acting on the epithelial cells. More recently, Dailey et al. (2007 Dailey et al. ( , 2009 ) performed more detailed simulations in which they analyzed the flow-induced deformation of individual epithelial cells.
CONCLUSIONS AND PERSPECTIVES
The majority of studies reviewed above are concerned with idealized model problems, with our main aim having been to describe progress in the understanding of fundamental mechanisms. In specific physiological applications, these mechanisms will be modified by the many additional effects ignored in the idealized models. For instance, collapsible vessels in the human body have more complicated geometries and constitutive properties than the thin-walled, homogeneous tubes typically considered in studies of the Starling resistor. However, Yang et al.'s (2009) studies of airway collapse, using a multigeneration airway model, show that the collapse pattern is similar to that predicted by models based on the Starling resistor. Similarly, the basic instability mechanism responsible for flow-induced compression of stenosed arteries was originally investigated with a Starling-resistor-like setup by Tang et al. (1999) . The mechanism thus identified has since been shown to describe the behavior of more realistic models in which the geometry and composition of the stenosed vessel are obtained directly from MRI scans (Tang et al. 2009 ). Another example concerns the recent advances in modeling cerebrospinal fluid dynamics in the brain with the aim of understanding hydrocephalus, or water on the brain. The predictions of simple 1D collapsibletube theory (Linninger et al. 2005) and axisymmetric poroelastic models (Smillie et al. 2005 ) that the rise in intracranial pressure is not causal, but a consequence of impaired absorption of fluid, have been confirmed, again using anatomically realistic geometries, in simulations of fluid flow coupled to poroelasticity (Linninger et al. 2009 ).
The close coupling between medical imaging, computational simulations, and clinical diagnosis is a rapidly growing trend, as demonstrated in the recent reviews by Taylor & Figueroa (2009) and Taylor & Steinman (2010) , who also provide overviews of the different numerical algorithms for physiological fluid-structure-interaction problems. The trend is strengthened by the accessibility of freely available tools for mesh generation from medical-image data (e.g., Antiga et al.'s (2008) Vascular Modeling Toolkit) and the fact that an increasing number of commercial and open-source software packages provide fluid-structure-interaction capabilities. One of the main difficulties for accurate patient-specific simulation of physiological fluid-structure interaction problems is likely to remain the in vivo determination of the tissues' constitutive properties.
Nonetheless, the ever-increasing complexity of patient-specific studies means that results become harder to interpret. It is our belief that such interpretation relies on the fundamental understanding of physiological fluid-structure interaction gained from the types of idealized models described above, which makes their study as important as ever.
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